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Obesity is an epidemic, calling for innovative and reliable pharma-
cological strategies. Here, we show that ShK-186, a selective and
potent blocker of the voltage-gated Kv1.3 channel, counteracts the
negative effects of increased caloric intake in mice fed a diet rich in
fat and fructose. ShK-186 reduced weight gain, adiposity, and fatty
liver; decreased blood levels of cholesterol, sugar, HbA1c, insulin,
and leptin; and enhanced peripheral insulin sensitivity. These
changes mimic the effects of Kv1.3 gene deletion. ShK-186 did not
alter weight gain in mice on a chow diet, suggesting that the obesity-
inducing diet enhances sensitivity to Kv1.3 blockade. Several mecha-
nisms may contribute to the therapeutic benefits of ShK-186. ShK-
186 therapy activated brown adipose tissue as evidenced by a
doubling of glucose uptake, and increased β-oxidation of fatty acids,
glycolysis, fatty acid synthesis, and uncoupling protein 1 expression.
Activation of brown adipose tissuemanifested as augmented oxygen
consumption and energy expenditure, with no change in caloric in-
take, locomotor activity, or thyroid hormone levels. The obesity diet
induced Kv1.3 expression in the liver, and ShK-186 caused profound
alterations in energy and lipid metabolism in the liver. This action on
the livermayunderlie the differential effectiveness of ShK-186 inmice
fed a chow vs. an obesity diet. Our results highlight the potential use
of Kv1.3 blockers for the treatment of obesity and insulin resistance.
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Obesity and its related metabolic disorders are a global pan-
demic. In the United States, ∼65% of the population is either

overweight or obese (1). The complications of obesity will impose
a significant burden on health care systems the world over (2, 3).
Medical therapeutic options are limited. Therapies with novel
mechanisms of action to combat obesity would therefore have
significant medical and economic impact.
Kv1.3, a voltage-gated K+ channel (Kv), has been reported to

regulate energy homeostasis and body weight (4). Importantly,
Kv1.3−/− mice fed a high-fat diet exhibit increased light-phase
metabolism together with reduced weight gain; lower levels of
blood sugar, leptin, and insulin; and increased energy expenditure
in comparison with wild-type littermates (4–10) (Table S1). Sim-
ilarly, in melanocortin receptor 4 knockout mice, a genetic model
of obesity, Kv1.3 gene deletion increases energy expenditure;
decreases adiposity and weight; reduces leptin levels; and extends
life span (8). Two mechanisms have been proposed to explain the
antiobesity and metabolic effects of Kv1.3 gene deletion: en-
hanced peripheral insulin sensitization and augmented olfaction.
First, knockout of the Kv1.3 gene or pharmacological blockade of
the channel with the scorpion toxin margatoxin has been reported
to enhance peripheral insulin sensitivity in white adipocytes and
skeletal muscle by promoting translocation of the glucose trans-
porter GLUT4 to the plasma membrane and thereby increasing
glucose uptake (6, 7). Second, the olfactory bulb expresses Kv1.3
and is reported to function as a metabolic sensor (5, 9). Removal
of the olfactory bulb attenuates the weight-reducing effects of

Kv1.3 gene deletion (9). In humans, a polymorphism in the Kv1.3
promoter is associated with impaired glucose tolerance and with
lower insulin sensitivity (11). These results suggest that selective
Kv1.3 blockers might have use in the management of obesity and
insulin resistance.
We used a mouse model of diet-induced obesity and insulin

resistance to evaluate the therapeutic effects of a selective Kv1.3
blocker. In this model, mice fed an obesity-inducing diet rich in
both fat and fructose (Tables S2 and S3) gain significant weight and
adiposity, and develop insulin resistance within 6–8 wk (12–15). As
aKv1.3 blocker we chose ShK-186 because of its picomolar potency
(IC50 69 pM), >100-fold selectivity over closely related channels,
weak immunogenicity, and excellent safety profile in rodents and
nonhuman primates (16–21). Furthermore, ShK-186 is the first
Kv1.3-specific blocker to advance to human safety trials as a po-
tential therapeutic for autoimmune diseases. Our study highlights
the powerful antiobesity effects of ShK-186, and we characterize
mechanisms that may contribute to ShK-186’s therapeutic activity.

Results
ShK-186 Prevents and Treats Weight Gain. Adult mice were fed an
obesity-inducing diet (Table S2) thatmimics theWestern diet linked
to risk of cardiovascular diseases in humans (13–15), and immedi-
ately started on a therapeutic regimen of ShK-186 or vehicle. ShK-
186’s durable pharmacological activity in rodents and nonhuman
primates (16) allowed us to administer the peptide every other day
by s.c. injection. ShK-186–treated male mice (20 or 500 μg/kg every
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other day) gained less weight than controls, and at the end of
45 d, treated mice were 3–5 g lighter than controls (Fig. 1A).
Even at the highest dose, ShK-186 did not reduce weight gain in

male mice fed a normal chow diet (Fig. 1B). These data corrob-
orate earlier reports that Kv1.3 gene deletion is less effective in
reducing weight gain, blood sugar, insulin, leptin, and visceral
white adipose tissue (WAT) mass in mice on a normal chow diet
compared with those on obesity-inducing diets (8, 10). Fur-
thermore, rats fed normal chow diets and treated with ShK-186
(100 μg/kg) also show no reduction in weight gain (20, 21). These
data suggest that obesity diets cause some type of metabolic
change, which augment the antiobesity effects of pharmacological
blockade or gene deletion of Kv1.3.
We chose the highest dose (500 μg/kg) for all subsequent studies

to decipher why the peptide was effective in mice on the obesity
diet but not the chow diet. In a treatment trial, male mice were
allowed to gain significant weight for 3 wk on the obesity diet (Fig.
1C) and were then administered ShK-186 (500 μg/kg) or vehicle for
45 d. ShK-186 significantly slowed weight gain during treatment
(Fig. 1C). Following cessation of therapy, weight gain resumed,
and after 1mo, thesemice were close to the weight of controls (Fig.
1C). ShK-186 was also effective in reducing weight gain in female
mice (Fig. 1D). Together, these results demonstrate that ShK-186
both prevents and treats obesity in mice fed the obesity diet, but is
ineffective in mice fed a normal chow diet.

ShK-186 Reduces Dyslipidemia, Adiposity, Hyperglycemia, and Insulin
Resistance. Dyslipidemia, increased adiposity, fatty liver, insulin
resistance, and hyperglycemia are frequent complications of obe-

sity. We therefore evaluated the ability of ShK-186 to counteract
these negative effects. ShK-186 reduced blood levels of cholesterol
(Fig. 2A) and leptin (Fig. 2B), but did not affect triglyceride (Fig.
2A). The effects of different doses of ShK-186 (20, 500 μg/kg) on
blood lipids and leptin in mice fed either the obesity or chow diets
are shown in Fig. S1A.
Whole-body CT scans showed that ShK-186 treatment de-

creased WAT volume and increased lean body volume (Fig. 2 C
andD).Visceral WAT in obesity diet-fed control and treated mice
appeared normal on microscopy (Fig. 2E); however, obesity-asso-
ciated inflammation was evident based on the increase in TNFα
mRNA expression in visceral WAT in mice fed the obesity diet
compared with those fed the chow diet (Fig. 2F). ShK-186 treat-
ment significantly reduced TNFα expression in visceral WAT (Fig.
2F), possibly via its known immunomodulatory effects on T cells
and macrophages (16–25). The low uncoupling protein 1 (UCP1)
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Fig. 1. ShK-186 reduces weight gain in mice on obesity diet. (A) Prevention
trial, males on obesity diet: ShK-186 (20 or 500 μg/kg on alternate days)
(TD.88137 + 60% fructose/water (wt/vol); calorie contribution: fat 30.1%;
carbohydrate 59%; protein 10.9%). Control: n = 19; 500 μg/kg: n = 30; 20 μg/
kg: n = 19. Repeated-measures two-way ANOVA with post hoc Bonferroni
correction; *P < 0.05, **P < 0.01, §P < 0.001 (black symbols: control vs. 20
μg/kg; brown symbols: control vs. 500 μg/kg). (B) Prevention trial, males on
chow diet: ShK-186 (500 μg/kg) (TD.7001 4% fat + water; calorie contribu-
tion: fat 13%; carbohydrate 53%; protein 34%). Control: n = 8; ShK-186 500
μg/kg: n = 5. Pairwise Student t test was used to determine statistical sig-
nificance. (C) Treatment trial, males on obesity diet: ShK-186 (500 μg/kg)
administered 3 wk after onset of obesity diet. Shaded area shows 45-d pe-
riod when ShK-186 or vehicle were administered. Bar shows time period
over which P < 0.05. For all experiments, n = 6–8 in each group. All graphs
depict mean ± SEM. Control: n = 6; 500 μg/kg: n = 7. (D) Prevention trial,
females on obesity diet: ShK-186 (500 μg/kg on alternate days). The plot starts
at a weight corresponding to the starting weight in males (∼23 g, females
aged 15 wk). Control: n = 8; ShK-186 500 μg/kg: n = 8. Student t test: *P < 0.05.
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Fig. 2. ShK-186 decreases adiposity in mice fed the obesity-inducing diet.
(A) ShK-186’s (20 and 500 μg/kg) effect on blood cholesterol and tri-
glyceride (one-way ANOVA: control vs. 20 or 500 μg/kg; **P < 0.01). (B)
Blood leptin level plotted against body weight. Same color code as for A.
(C ) CT scans show images in Hounsfield units of darkened areas of WAT
(identified by red arrows) in a vehicle-control (Left) and ShK-186–treated
mouse (Right). (D) ShK-186’s effect on the percentage of body volume
comprised of WAT (Student t test: **P = 0.004) and lean tissue (***P =
0.0004), n = 6 mice per group. Average weight ± SEM of control and
treated animals used in the study were 36.5 ± 2.6 g and 30.4 ± 3.2 g,
respectively. (E ) H&E stain of abdominal WAT from control and treated
mice. (Scale bar: 200 μm.) (F ) TNFα mRNA increases in visceral WAT in
mice fed an obesity diet compared with a chow diet (one-way ANOVA:
***P < 0.001). ShK-186 treatment of mice fed the obesity diet reduced
TNFα mRNA levels to that in chow-fed mice (one-way ANOVA: **P <
0.01). (G) H&E stain at high (Left) and low (Right) magnification show
lipid-laden vesicles in the liver. (Scale bars: Left, 100 μm; Right, 1 mm.) All
measurements were made 10 wk after the start of the obesity diet and
every other day s.c. administration of vehicle or ShK-186 (500 μg/kg); n = 6
in each group. All bar graphs depict mean ± SEM.
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mRNA levels (Fig. S1B; marker of brown fat) suggested that ab-
dominal WAT did not undergo browning.
Control mice developed severe fatty liver (Fig. 2G). Macro- and

microvesicles of fat in midzonal and centrilobular liver regions of
control mice were significantly reduced in the livers of treated mice
(Fig. 2G; Fig. S1C). CT scans confirmed that ShK-186 decreased
fatty liver (Fig. S1D). In support of reduced lipid accumulation, we
observed decreased transcription of sterol regulatory-element
binding protein 1, a marker of hepatosteatosis (26), in ShK-186–
treated livers compared with controls (Fig S1E). Treatment did
not alter Kv1.3 mRNA expression in the liver (Fig. S1F).
ShK-186 treatment normalized fasting blood glucose (Fig. 3A),

HbA1c (Fig. 3B), and it improved glucose tolerance (Fig. 3C). To
identify the mechanisms responsible for ShK-186’s antihyper-
glycemic effect, we measured insulin levels and peripheral insulin
sensitivity. Fasting insulin levels in control mice were higher than
normal, consistent with insulin resistance (Fig. 3D). ShK-186–
treated mice had serum insulin levels closer to normal, and sig-
nificantly lower than in controls (Fig. 3D). Following glucose
challenge, the increase in serum insulin levels was similar in con-
trol and treated mice (Fig. 3E), suggesting that the antihypergly-
cemic activity of ShK-186 is not due to augmented insulin release
from pancreatic islets. In an insulin tolerance test, ShK-186 sig-
nificantly increased peripheral insulin sensitivity (Fig. 3F), which is
likely the mechanism responsible for the drug’s effect.
The increased insulin sensitivity suggests that ShK-186 aug-

ments uptake of glucose in peripheral tissues. To identify these
tissues, we performedwhole-body PET/CT scans to visualize tissue
uptake of a radioactive glucose surrogate, 2-deoxy-2-(18F)-fluoro-
D-glucose (18F-FDG), in control and ShK-186–treated mice. ShK-
186 doubled the uptake of 18F-FDG into interscapular brown
adipose tissue (BAT) compared with controls (Fig. 4 A and B).
Within interscapular tissue the increased 18F-FDG uptake was
exclusively into BAT with no uptake detected in interscapular
WAT (Fig. 4C; Fig. S2). Increased 18F-FDG uptake was also seen

in BAT in the periaortic, intercostals, and perirenal regions (Fig.
S2A). ShK-186 did not increase 18F-FDG uptake into skeletal
muscle, visceral WAT, or liver (Fig. 4B; Fig. S2B). Thus, ShK-186
therapy selectively increases glucose uptake by BAT, with no
change in uptake by abdominal WAT, skeletal muscle, or liver.
This selective change may contribute to the enhanced peripheral
insulin sensitivity in ShK-186–treatedmice. Collectively, these data
demonstrate that ShK-186 counteracts negative consequences of
high caloric intake, including dyslipidemia, hyperglycemia, leptin
dysregulation, increased adiposity, fatty liver, insulin resistance,
and obesity-associated inflammation of visceral WAT.

ShK-186 Therapy Activates BAT. To explore the consequences of
ShK-186–mediated increased glucose uptake by BAT, an impor-
tant thermogenic tissue (27–32), we analyzed the effect of ShK-
186 therapy on BAT metabolism by global metabolite profiling
and quantitative PCR (qPCR) of key genes (Figs. 5 and 6). A total
of 254 metabolites were identified in BAT, of which 24 were sig-
nificantly increased and 19 significantly decreased in treated mice
(Fig. 5A). Specifically, ShK-186 therapy augmented activity of four
key biochemical pathways—β-oxidation of fatty acids, glycolysis,
utilization of vitamins (pantothenic acid and nicotinate), and fatty
acid synthesis—in BAT (Fig. 7). First, the increased levels of 3β-
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Fig. 3. ShK-186 reduces hyperglycemia and improves glucose tolerance in
mice fed the obesity-inducing diet. (A and B) Blood sugar (A, Student t test;
P = 0.002) and HbA1c (B, Student t test; P = 0.012). (C) Intraperitoneal glu-
cose tolerance test: AUCcontrols = 42,075 mg/dL × min; AUCtreated = 31,420
mg/dL × min; repeated-measures two-way ANOVA with post hoc Bonferroni
correction: 60 min: ***P < 0.001. (D) Fasting insulin levels in controls (3.2 ± 0.9
ng/mL) and ShK-186–treated mice (1.2 ± 0.1 ng/mL); Student t test; **P < 0.03.
(E) Fold-increase in insulin release shown as the ratio of the insulin level
15 min after glucose challenge vs. the level before glucose challenge. (F )
Insulin tolerance test to measure peripheral insulin sensitivity: AUCcontrol =
26,525 mg/dL × min; AUCtreated = 20,818 mg/dL × min, repeated-measures
two-way ANOVA with post hoc Bonferroni correction, 120 min: ***P <
0.001. Measurements at week 10 of the study; n = 6–8 mice in each group.
All graphs depict mean ± SEM.
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hydroxybuytrate and acetyl CoA in BAT from treated mice sug-
gested augmentation of β-oxidation of fatty acids (Figs. 5A and 7;
Fig. S3). Export of 3β-hydroxybutyrate from the liver to BAT was
not a contributing factor because the level of 3β-hydroxybuytrate
in the liver was the same in control and treated mice (Fig. S3).
Second, enhanced glycolysis was suggested by the doubling of 18F-
FDG uptake by treated BAT (Fig. 4), the increased transcription
of glucokinase, the first enzyme in the glycolytic pathway (Fig. 6A),
and the higher level of fructose-1,6-diphosphate—the rate-limit-
ing step in glycolysis (Fig. 7; Fig. S3). Furthermore, the level of
lactate was not changed following ShK-186 treatment (Fig. 7; Fig.
S3), suggesting that pyruvate generated by glycolysis likely con-
tributes to the higher level of acetyl-CoA (Fig. 7). Third, ShK-186
heightened conversion of pantothenic acid (vitamin B5) into
phosphopantetheine, 3′-dephosphocoenzyme A, and finally into
CoA (Figs. 5A and 7; Fig. S3). CoA is a key player in several
metabolic pathways in BAT, particularly fatty acid synthesis and
the tricarboxylic acid (TCA) cycle (Fig. 7). Nicotinate (vitamin B3)
and its metabolite adenosine 5′-diphosphoribose were also in-
creased in treated BAT (Fig. 5A; Fig. S3), reflecting enhanced
vitamin B3 utilization to generate NADP and NAD required for
multiple steps in BATmetabolism (Fig. 7). Fourth, increased fatty
acid synthesis was suggested by the increased transcription of fatty
acid synthase (FAS) and elongation of long-chain fatty acids family
member 6 (Elovl6; Fig. 6A), key genes involved in de novo fatty
acid synthesis, and by the elevated levels of acetyl-CoA, CoA, and
nicotinate (Fig. 5A; Fig. S3), all of which drive fatty acid synthesis
(Fig. 7). The ultimate consequence of metabolic changes in BAT
is the generation of reduced electron carriers FADH and NADH
in mitochondria (27–32). FADH and NADH are oxidized by the
electron transport chain, resulting in the formation of protons that
are pumped out of mitochondria (Fig. 7). UCP1, a symporter of
H+ and anionic long-chain fatty acids (LCFA-anion; 11–18 carbon
chain length) in the inner mitochondrial membrane of brown
adipocytes, typically shuttles protons back into the mitochondria

(28, 32). ShK-186 increased UCP1, fatty acid synthase, glucoki-
nase, elongase 6, and peroxisome proliferator-activated receptor γ
(PPARγ) transcription without affecting other BAT thermogenic
genes, including genes selective for brown and beige adipocytes
(Fig. 6A; Fig. S4). Increased UCP1 would enhance proton leaking
back into the mitochondria, generate an enhanced proton-motive
force, and heighten the dissipation of stored energy as heat (Fig.
7). Collectively, these metabolic changes suggest that ShK-186
therapy activates BAT to increase thermogenesis.
BAT activation might be a compensatory response to metabolic

changes elsewhere in the body, or it might represent a direct action
of ShK-186 on channels in brown adipocytes. We detected Kv1.3
mRNA (Fig. 6B), and both glycosylated (80 kDa) and unglycosy-
lated (60 kDa) Kv1.3 protein forms (Fig. 6C) (33) in BAT.We also
saw robust immunostaining of Kv1.3 in brown adipocytes (Fig.
6D). Minimal Kv1.3 staining was detected in visceral WAT and
skeletal muscle (Fig. 6D). Our results corroborate earlier reports
of Kv1.3 mRNA (Gene Expression Omnibus Database accession
no. 41275824) and protein in mouse BAT (4). Patch-clamp studies
on in vitro-differentiated neonatal rat brown adipocytes have
revealed the existence of a KV channel with properties resembling
Kv1.3, including activation at potentials positive to −35 mV, slow
inactivation, rapid deactivation, and block by quinine, verapamil,
4-aminopyridine, and tetraethylammonium at concentrations
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known to block Kv1.3 (34-41). However, charybdotoxin, a scor-
pion peptide blocker of Kv1.3, did not affect the channel in in
vitro-differentiated brown adipocytes (35), raising the possibility
that the native channel in BAT may be a Kv1.3-containing het-
erotetramer. Blockade of Kv1.3 channels in BAT would possibly
lead to membrane depolarization and alter calcium signaling, as
has been shown in other cells (Fig. 7).Membrane depolarization in
BAT has been previously shown to accompany thermogenesis (28,
42–44). Thus, themetabolic changes may, at least in part, occur via
direct blockade of Kv1.3 channels in BAT.
The differential effectiveness of ShK-186 therapy in mice fed

an obesity diet vs. a chow diet cannot be explained by BAT ac-
tivation. No difference was found in Kv1.3 protein expression in
BAT from mice fed obesity or chow diets (Fig. 6C), suggesting
that ShK-186 therapy may increase BAT-dependent energy ex-
penditure in mice fed the chow diet as it does in mice on the
obesity diet. In support, Kv1.3 gene deletion increases energy
expenditure in mice fed chow or obesity-inducing diets compared
with wild-type controls (4). These results suggest that pharma-
cological blockade or gene deletion of Kv1.3 increases BAT-
dependent energy expenditure regardless of the diet.

ShK-186 Enhances Metabolic Activity. Because BAT activation may
lead to increased thermogenesis in ShK-186–treatedmice, we used
the Comprehensive LabMonitoring System (CLAMS) to measure
energy expenditure. Ten weeks after the start of the study, mice
were allowed to acclimate for 4 d in CLAMS cages while con-
tinuing their diet and therapy; their metabolic status was then
evaluated for 36 h after receiving their scheduled injection of ve-
hicle or ShK-186. ShK-186 caused a significant increase in oxygen
consumption (VO2; Fig. 8 A and B) and in the respiratory ex-
change ratio (RER; VCO2/VO2; Fig. 8 C and D). The increased
VO2 and RER resulted in increased energy expenditure (EE) in
treated mice (Fig. 8 E and F), accounting for an additional ∼2.5
kcal being expended on a daily basis compared with controls
(control: 14.55 ± 0.70 kcal/d; treated: 17.42 ± 0.62 kcal/d; Table
S4). The increased energy expenditure manifested as a 1 °C higher
body temperature at midday and a blunted diurnal variation in
temperature (Fig. 8G). Thyroid hormone levels in treated mice
were in the normal range and significantly lower than in controls
(Fig. 8H). Locomotor activity in treated mice was no different
from in controls (Fig. 8 I and J). These results indicate that the

higher metabolic rate is not due to hyperthyroidism or to in-
creased physical activity. Feeding and drinking in these mice were
measured with CLAMS. ShK-186–treated animals drank more
fluid (Fig. 8K), but showed no change in the consumption of solid
food (Fig. 8L; Tables S5 and S6). The overall daily calorie intake
from food plus drink was not altered by ShK-186 treatment (Fig.
8M; control: 12.77 ± 0.34 kcal/d; treated: 14.11 ± 1.11 kcal/d,
P= 0.3; Table S7). Together, these results suggest that ShK-186’s
activation of BAT results in heightened energy expenditure
without a change in calorie intake (net increase in energy ex-
penditure in treated mice ∼1.5 kcal/d), which contributes to the
peptide’s antiobesity effects.

ShK-186 Affects Hepatic Lipid and Glucose Metabolism. Because
ShK-186 therapy (Fig. 3F) and knockout of the Kv1.3 gene (7) both
enhance peripheral insulin sensitivity and glucose homeostasis,
and the liver plays a critical role in carbohydrate metabolism, we
investigated whether ShK-186 might affect hepatic metabolism.
First, we compared Kv1.3 expression in livers of mice fed a normal
chow diet vs. the obesity diet. Western blot analysis showed an
approximate three- to fourfold increase in both the glycosylated
(80 kDa) and nonglycosylated (60 kDa) Kv1.3 protein forms in the
liver of mice on the obesity diet compared with mice on the chow
diet (Fig. 9A; Table S9), and robust Kv1.3 immunostaining was
seen in hepatocytes in obese mice (Fig. 9B). The mechanism re-
sponsible for the induction of Kv1.3 by the high fat and/or the high
fructose in the obesity diet remains to be defined.
To explore the functional consequences of this Kv1.3 induction,

we examined ShK-186’s effect on liver metabolism by using global
metabolite profiling and qPCR analysis. Global metabolite pro-
filing identified a total of 292 metabolites in the liver, of which 141
increased and 20 decreased in the livers of ShK-186–treated mice
(Fig. 5B; Fig. S3). These profound changes affected virtually every
metabolic pathway (Fig. 5B). Specifically, we observed significant
changes in central energy and lipid metabolism (Fig. 9). Metabo-
lites in energy metabolism increased by ShK-186 therapy are
depicted in Fig. 9C and include maltose (converted to glucose), 3-
phosphoglycerate (intermediate in glycolysis and gluconeogene-
sis), malate and fumarate (two intermediates in the TCA cycle),
propionylcarnitine (product of propionyl CoA derived from the
TCA cycle), and lactate (derivative of pyruvate and suggestive of
increased glycolysis). Metabolites involved in oxidative phos-
phorylation [pyrophosphate (PPi), acetyl phosphate] were also
elevated (Fig. S3). Phosphoenolpyruvate carboxykinase (PEPCK)
showed increased transcription in treated livers, suggesting that
this enzyme increases the conversion of oxaloacetate to 3-phos-
phoglycerate, thereby heightening gluconeogenesis (Fig. 9 C and
F). Interestingly, virtually every amino acid that feeds into the
TCA cycle was significantly increased in ShK-186–treated livers
(Figs. 5B and 9C), suggesting enhanced utilization of proteins to
drive energy metabolism. In support, protein-breakdown products—
urea, ornithine, transhydroxyproline, arginine, and dipeptides—
were increased in treated livers (Fig. 9D; Fig. S3), and mRNA and
protein expression of carbamoyl phosphate synthase 1 (CPS1),
a key gene in the urea cycle, was also significantly higher (Fig. 9F).
Further, the increase in cysteine in treated livers was paralleled
by an increase in intermediate metabolite S-adenosylhomo-
cysteinase (SAH) (Fig. S3), and higher protein expression of
adenosylhomocysteinase (Fig. 9F; AdoHcyase), the enzyme that
converts SAH to adenosine and homocysteine. Muscle catabolism
does not appear to be a source for the amino acids used by the liver
because treated mice exhibited normal muscle strength in a
hanging wire test; no clinical signs of muscle wasting were observed
in the mice throughout the trial; and skeletal muscle biopsies
showed no histological changes compared with control muscle
(Fig. S5). Thus, ShK-186 therapy caused several, apparently
opposing, changes in the carbohydrate pathway in the liver,
including increased glycolysis (suggested by increased levels of

Fig. 7. Graphical representation of metabolic pathways altered in BAT
following ShK-186 treatment. Metabolites and genes with significantly en-
hanced expression (P < 0.05) are highlighted in red. The raw data are shown
in Figs. 5 and 6, and Fig. S3. Dotted lines represent possible changes that may
occur with Kv1.3 channel blockade.
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maltose, 3-phosphoglycerate, and lactate), gluconeogenesis (sug-
gested by heightened transcription of PEPCK and increased level
of 3-phosphoglycerate), and enhanced activity of the TCA cycle
(suggested by higher levels of malate, fumarate, propionylcarni-
tine, and proteins that drive the cycle). These widespread changes
likely contribute to the differential activity of ShK-186 therapy in
mice on the normal chow vs. obesity diet.
ShK-186 therapy also caused profound changes in lipid me-

tabolism in the liver (Figs. 5B and 9E; Fig. S3). ShK-186 increased
levels of long-chain fatty acids, essential fatty acids, and lysolipids,
and decreased levels of very long-chain fatty acids (>22 carbons)
and glycerolipids (Fig. 9E; Fig. S3). However, β-oxidation of fatty
acids was not enhanced in treated mice, as indicated by normal
levels of 3-hydroxybutryate (Fig. S3). These changes may reflect
futile cycling within lipid metabolic pathways. Interestingly,
PPAR-activating metabolites 12-HETE, 9+13-HODE, and pal-
mitoylethanolamide, which are associated with improved insulin

resistance and diabetes control, were increased by ShK-186 ther-
apy (Fig. S3). Together, these data demonstrate that ShK-186
therapy has the most profound effect on the liver in mice fed an
obesity diet, where it heightens activity of metabolic pathways
involved in energy and lipid metabolism. The increase in Kv1.3
expression in the liver of mice fed the obesity diet and the wide-
spread metabolic changes caused by ShK-186 likely contribute to
the differential effectiveness of ShK-186 therapy in mice on the
obesity diet vs. the normal chow diet.
Because ShK-186 therapy reduces WAT volume, we explored

the effect of ShK-186 on the abdominal WAT metabolome. We
measured 174 metabolites and of these only 23 metabolites were
significantly elevated and 16 were significantly lower in ShK-186–
treated mice (Fig. 5C; Fig. S3). Because Kv1.3 expression was
absent or minimal in abdominal and interscapular WAT in obese
mice (Fig. 6D; i.e., no difference in staining between isotype
control and Kv1.3), the metabolic changes caused by ShK-186 in
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measured intake of fructose/water in milliliters and calculated the fructose consumption in grams based on the weight-to-volume concentration of fructose,
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WAT are likely a response to changes in other organs, including
BAT and liver. In summary, ShK-186 therapy caused profound
tissue-specific changes in the metabolomes of BAT, WAT, and
liver (Figs. 5 and 9; Fig. S3), and these changes may contribute to
the powerful antiobesity effects of ShK-186.

Discussion
We describe a unique approach to treat diet-induced obesity and
insulin resistance by selective blockade of Kv1.3 channels with
ShK-186 (Fig. 10). In mice fed an obesity-inducing diet, ShK-186
normalized blood levels of cholesterol, glucose, HbA1c, insulin,
leptin, and thyroid hormones, and reduced weight gain, adiposity,

and fatty liver. The antiobesity effects of ShK-186 therapy are
remarkably similar to the effects of Kv1.3 gene deletion in diet-
induced obesity (Table S1), strongly suggesting that the antiobesity
activities of ShK-186 are predominantly due to pharmacological
actions on Kv1.3. These actions are due to blockade of Kv1.3
channels in peripheral tissues because<0.1% of the peptide crosses
the blood–brain barrier (17). At least three mechanisms contribute
to the antiobesity effects of ShK-186: BAT activation leading to
increased energy expenditure, altered metabolism in the liver, and
reduction of obesity-induced inflammation of abdominal WAT.
ShK-186 therapy caused substantial changes in BAT metabo-

lism: it doubled glucose uptake; increased β-oxidation of fatty
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obesity diet. (Inset) Isotype control (polyclonal rabbit IgG in place of primary antibody). (C) Effect of ShK-186 therapy on energy metabolism in the liver;
metabolites, or genes altered in expression are highlighted in red (increased P < 0.05), pink (increased P < 0.1), bright green (decreased P < 0.05), and light
green (decreased P < 0.1). (D) Effect of ShK-186 therapy on the urea cycle in the liver; same color code as in C. (E) Effect of ShK-186 therapy on lipid me-
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carbamoyl phosphate synthase 1 (CPS1), relative to 18S RNA, was determined by qPCR in livers of control and ShK-186–treated mice (Upper). Student t test;
**P < 0.01. Protein levels of CPS1 and AdoHcyase from pooled samples was determined by 2-DIGE-MS (Lower; SI Materials and Methods).
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acids, glycolysis, fatty acid synthesis, and utilization of the vitamins
B3 and B5; and enhanced transcription of genes involved in BAT
metabolism (UCP1, glucokinase, Elovl6, fatty acid synthase,
PPARγ). BAT activation in turn enhanced oxygen consumption
and RER, resulting in a ∼2.5-kcal increase in energy expenditure
per day in treated mice compared with control mice (Table S4),
with no change in calorie intake. These results suggest that the
antiobesity effects of ShK-186 are in part due to BAT activation
and heightened calorie utilization. Although BAT has not been
studied in Kv1.3−/−mice, the increased energy expenditure seen in
these mice on obesity-inducing diets, particularly during the light
phase (10), is likely to be due to BAT-dependent thermogenesis.
The differential effectiveness of ShK-186 therapy in mice fed an
obesity diet vs. a chow diet (Fig. 1A and B) is not a consequence of
BAT activation because Kv1.3 protein expression in BAT is the
same in mice on these diets. Furthermore, Kv1.3 gene deletion is
equally effective in enhancing energy expenditure in mice fed a
chow or an obesity diet (4).
The molecular mechanism responsible for these robust meta-

bolic changes in BAT is unclear at this time, but may involve direct
blockade of Kv1.3 channels that are expressed in BAT in mice on
the obesity diet. Channel blockade would result in membrane
depolarization and mimic the membrane-depolarizing effects of
high external potassium concentrations that augment BAT ther-
mogenesis (28, 42–44). However, tetraethylammonium at a dose
that blocks Kv1.3 channels was reported not to alter norepi-
nephrine-dependent thermogenesis (37). These experiments were
done on 7-d in vitro-differentiated neonatal brown adipocytes
isolated from rats on a normal chow diet, whereas our studies with
ShK-186 were performed on adult mice that had received 10 wk of
an obesity diet and expressed Kv1.3 in BAT. We cannot therefore
exclude a direct blocking mechanism. A second possibility is that
ShK-186 therapy causes vasodilation, which increases BAT ther-
mogenesis and skin temperature in an attempt to defend core body
temperature. However, this possibility is unlikely for the following
reasons. First, Kv1.3 is minimally expressed in normal blood ves-
sels (45–47), and only after vascular injury does its expression in-
crease in proliferating vascular smooth muscle cells (48–50).
Second, Kv channel blockers would cause vasoconstriction, not
vasodilation (51). Third, ShK-186 does not alter heart rate
parameters or blood pressure in chronically treated rats (20), in-
dicating that vascular changes, if any, are not sufficient to cause
BAT-mediated thermogenesis. A third possible mechanism might

involve sympathetic stimulation of BAT by ShK-186, leading to its
activation. Kv1.3 is expressed in postganglionic sympathetic neu-
rons, and blockade of Kv1.3 depolarizes the membrane potential
and shortens latency-to-firing of these neurons (52). However, as
stated above, ShK-186 does not exhibit cardiac effects (20, 21),
suggesting that any sympathetic nerve-mediated activation of BAT
by ShK-186 is not generalized. A fourth possibility is that the
metabolic changes in the liver, WAT, and other tissues cause a
compensatory increase in BATmetabolism, leading to heightened
energy expenditure. In short, the mechanism by which ShK-186
increases thermogenesis remains elusive.
Metabolically active BAT has been demonstrated in adult

humans by PET scans (53–56). Body mass index (BMI) and body
fat percentage is inversely related to BAT mass, and obese adult
humans have low BAT mass, which increases following gastric
banding surgery (57–60). These findings have created significant
interest in developing therapeutics that target BAT in humans for
obesity therapy (27–32). If future studies demonstrate the pres-
ence of Kv1.3 in human BAT, it may provide a rationale for
evaluating ShK-186’s effectiveness as an inducer of energy ex-
penditure in obese humans.
The liver, a key organ for whole-body energy metabolism bal-

ance and signal integration, is a second target for ShK-186 therapy.
ShK-186 therapy caused widespread changes in central energy and
lipid metabolism in the liver, whichmay contribute to the peptide’s
antiobesity effects. ShK-186’s profound actions on liver metabo-
lism may involve direct blockade of Kv1.3 in hepatocytes, leading
to membrane depolarization and altered calcium signaling. An
alternate explanation for these changes is a compensatory meta-
bolic response in the liver due to ShK-186’s action on Kv1.3 in
another organ. Western blot analysis showed a significant increase
in Kv1.3 protein expression in the liver in mice fed the obesity diet.
This differential Kv1.3 expression is a potential contributor to the
differential effectiveness of ShK-186 therapy in mice fed an obe-
sity diet vs. a chow diet.
ShK-186 therapy prevented diet-induced insulin resistance and

hyperglycemia. The antidiabetic effect of ShK-186 was due to
augmented peripheral insulin sensitivity rather than enhanced
insulin release from the pancreas. BAT, but not skeletal muscle,
WAT, or liver, was the main peripheral tissue that exhibited
augmented glucose uptake and therefore contributed to the en-
hanced peripheral insulin sensitivity in ShK-186–treatedmice. Our
demonstration of increased peripheral insulin sensitivity by Kv1.3
blockade confirms studies with Kv1.3−/− mice (6, 7) and contra-
dicts a pharmacological study with the Kv1.3 blocker PAP-1 in
diabetic mice (61). Differences in experimental procedure may
explain the differences between our data and the latter study (61);
they measured peripheral insulin sensitivity in ob/ob mice on a
normal chow diet, whereas we did these studies in mice on an
obesity-inducing diet. Second, Straub et al. (61) administered
PAP-1 for 5 d, and the insulin tolerance test done on the sixth day
showed no increase in peripheral insulin sensitivity (61). We
detected heightened peripheral insulin sensitivity in mice that
had received the obesity-inducing diet and ShK-186 or vehicle
for 10 wk.
In visceral WAT frommice fed an obesity diet, ∼60% of cells in

the stromal vascular fraction are T cells (62–64). These cells are
mainly CD4+ and CD8+ effector memory T (TEM) cells and con-
tribute to obesity-associated inflammation of WAT (63, 64).
Classically activated M1 macrophages within fat depots are also
causally linked to the development of obesity-induced adipose
tissue inflammation and insulin resistance (65–71). Importantly,
Kv1.3 regulates membrane potential and calcium signaling in TEM
cells, and ShK-186 suppresses cytokine production, proliferation,
and in vivo migration and activation of these cells (16–21). Kv1.3
channels also play a critical role in macrophages, and Kv1.3
blockers suppress cytokine production and cholesterol accumu-
lation in macrophages (22–25, 72, 73). Thus, ShK-186 may mute

Fig. 10. Graphical representation of changes induced by ShK-186 therapy in
the diet-induced obesity model. Mice were fed an obesity-inducing diet of
high fat and high fructose. ShK-186 or vehicle was administered by s.c. in-
jection every other day. ShK-186 therapy prevented dyslipidemia, hypergly-
cemia, insulin resistance, adiposity, and fatty liver in this model. At least three
mechanisms were involved in the peptide’s effect: increased BAT-dependent
energy expenditure, enhanced energy and lipid metabolism in the liver, and
reduced inflammation of WAT.
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obesity-associated inflammation of visceral WAT. In support, the
obesity diet induced a significant increase in TNFα mRNA levels
in visceral WAT compared with mice on the chow diet, and ShK-
186 therapy reduced TNFα mRNA to levels found in chow-fed
mice, consistent with suppression of obesity-dependent adipose
tissue inflammation. This immunomodulatory effect may con-
tribute to the differential effectiveness of ShK-186 in mice fed the
chow vs. the obesity diet.
In summary, ShK-186 is a potent suppressant of obesity and

insulin resistance in a diet-induced obesity mouse model. The
potency of ShK-186’s antiobesity effect is evident in the effect
of 20 μg/kg ShK-186, a dose allometrically equivalent to 1–2 μg/
kg in humans. Despite the multiorgan effects of ShK-186, the
peptide has an excellent safety profile in rodents and nonhuman
primates following repeat-dose administration for a month
(15–20). PAP-1, another Kv1.3 blocker, is also well tolerated by
monkeys and rats administered the compound once daily for 1 and
6 mo, respectively (20, 74). Due to its selective immunomodula-
tory action on TEM cells, ShK-186 is not a generalized immu-
nosuppressant and hence does not compromise the protective
immune response to acute viral and bacterial infections (17, 18).
ShK-186 is being developed as a therapy for autoimmune dis-
eases and was well tolerated in a recently completed human
phase 1A safety trial. Our results suggest a new use for ShK-186
as a therapeutic for obesity and insulin resistance in humans.

Materials and Methods
Animals and Diet. C57BL6/J mice aged 8–9 wk were obtained from Harlan
Laboratories and started on an obesity-inducing diet or a chow diet (SI
Materials and Methods). Access to food and fluid was ad libitum. They were
maintained on 12-h dark/light cycles. The Institutional Animal Use and Care
Committee at the University of California, Irvine, approved all of the studies.

Other Methods. Details are provided in SI Materials and Methods.
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